TYPES OF RESPIRATORS
Respirators are classified using two different methods: mode of operation or type of face piece. In regard to
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Classification of Particulate Filters
CFR Part 11) replacing 30 CFR Part 11 with a new procedure that significantly changes the way respiratory protective devices are certified (NIOSH, 1995) . The revision replaces many existing regulations and upgrades current testing requirements for particulate filters. This action will be the first among a series of modular changes to occur over the next several years. Under the new rule, nine classes of air purifying particulate filter respirators will be certified. Unlike the previous procedure, the new certification tests will use the most penetrating aerosol size (0.3 IJ.) with either degrading or nondegrading particulates to challenge the respirator at 95%, 99%, or 99.97% filtration efficiency.
Newly certified respirators will be classified as N, R, or P series. The N series filters are restricted from use in workplaces with oil aerosols, whereas the Rand P series filters are intended to remove oil based liquid particulates from the atmosphere. The P series respirator will be capable of removing oil aerosols for extended periods of time. The advantage to the user is that selection of a particulate filtering respirator will no longer require knowledge of particle size (which was often unknown), as each of the newly certified filters are tested against particles that are already of the most challenging size (See Table) . 
RESPIRATOR CERTIFICATION
The current tests used to certify respiratory protective equipment were originally developed by the Bureau of Mines in the early 1900s (Bureau of Mines, 1972) . With the rapid changes in respirator design and technology, respirator users, manufacturers, and governmental agencies generally agree that the current certification tests are, in many cases, inappropriate for modern respirator designs (Douglas, 1983) .
In 1972, the Department of the Interior and the Department of Health, Education, and Welfare issued substantial revisions to the Federal Regulation in 30 CFR, Part 11 (Bureau of Mines, 1972) . This regulation specified performance test and certification criteria for industrial respirators to protect workers from hazardous atmospheres in United States workplaces. During the last 23 years, NIOSH has made only minor amendments to the certification test criteria promulgated in 1972. However, June 8, 1995, NIOSH published a final rule (42 NIOSH recommended practices for respiratory protection have stimulated discussion on many long standing differences between NIOSH recommended and OSHA regulated respirator use. One reason for the confusion is the fact that NIOSH actually wears two hats. NIOSH is a public health research agency that makes recommendations based on available scientific information about the adequacy of different types of respiratory protective equipment. In addition, NIOSH also tests and certifies respirators under regulatory statutes.
Respirator testing and certification performed by NIOSH is a process established by federal regulation. OSHA, on the other hand, issues and enforces regulations which, in their development and promulgation, must address a much broader range of issues than those upon which NIOSH bases recommendations. It is not surprising that NIOSH tests and certifies respirators that OSHA permits to be used in complying with regulatory standards, yet NIOSH does not recommend for such use. Examples include substances NIOSH considers to be possible workplace carcinogens, such as formaldehyde and asbestos. In these cases NIOSH recommends using air supplied respiratory protection; however, OSHA permits the use of air purifying respirators.
Therefore, one could take the stand that OSHA standards are minimum requirements and the recommendations of NIOSH would better suit most respirator users. On the other hand, one could effectively argue that the NIOSH recommendations for substances considered to be carcinogens, such as asbestos, are far too strict and lack practical application.
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mode of operation, respirators are classified as air purifying or air supplied. Within the category of air purifying respirators, there are two types: particulate filters and chemical cartridges (and/or canisters) . Particulate filter respirators are used for airborne particles such as dusts, mists, and fumes. Under the "old" classification system these respirator filters were therefore classified as dust, mist, and fume. For example, under 30 CFR Part 11 a dust filter must be 99% effective against a silica dust particle of a certain size diameter. To obtain a "mist" approval, the silica dust is mixed and sprayed with water. A disadvantage of the NIOSH certification test for dust filters is that it uses a very high concentration of silica dust (50 mg/m") and measures filter efficiency using an integrated measurement method after 90 minutes.
A particulate filter for fumes must be 99% effective against a lead fume aerosol. To perform this test, fumes are created when solid lead metal is vaporized under high heat. As the lead metal vapor cools, it condenses into an extremely small particle having a particle size smaller than 1 urn in diameter (i.e., a fume). Therefore, particulate filter respirators for fumes are commonly used for operations such as welding, smelting, and pouring of molten metal.
Particulate filter respirators do not offer protection against gases and vapors. For protection against gases and vapors, a cartridge type respirator must be used. A cartridge is defined as a container with some type of filter, sorbent, catalyst, or combination of these items which removes specific gases or vapors from air as it passes through the container. Frequently a combination cartridge/filter will be used when protection against particulates and gases is needed.
In situations in which the identity of the contaminant is unknown or when the contaminant is at very high concentrations (i.e., above the maximum use conceritration for a given respirator), then an air supplied respirator should be used. Two types of air supplied respiratory protective equipment commonly are used: airline and self contained breathing apparatus (SCBA). An airline respirator is a device that provides clean air to the user by means of a connecting hose attached to a large cylinder of compressed clean air, an air compressor, or an ambient air pump.
The second type of air supplied respiratory protective equipment is the SCBA, typically worn by fire fighters. With a SCBA, the individual carries a 30 or 60 minute supply of clean compressed air on their back. The advantages of air supplied respirators are that the user has less concern regarding the type of contaminant exposure and they can also be used for protection against higher concentrations of airborne contaminants.
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The second classification system for respirators is based on face piece design. The two basic types of face pieces commonly used for respiratory protection are the half face and full face piece masks. Half mask respirators cover the chin, mouth, and nose, but do not cover the eyes and hence offer no eye protection. Full face piece respirators have the advantage of covering not only the chin, mouth, and nose, but also the eyes, providing eye protection from irritating gases, vapors, dusts, and mists.
Because the half mask respirator must contact a rather complex facial surface (i.e., the bridge of the nose), the possibility of leakage between the face and the sealing surface of the respirator is greater than in the case of a full face piece mask. Obviously, faces vary considerably in their dimensions, and a successful fit cannot necessarily be made on all individuals.
Full face piece respirators typically contain a five or six point head harness which helps hold the face piece more securely to the face, especially with heavy physical exertion and frequent head movements. For these reasons, a full face piece respirator is expected to give a higher level of protection than a half face piece respirator, even when using the same type of filter and/or cartridge.
A potential limitation of the full face respirator is obtaining an adequate seal for workers who must use eye glasses for vision correction. If an individual uses conventional eye glasses with temple bars, the temple bars will cause serious leakage at the site between the sealing surface of the respirator and the user's face. This is a considerable problem when individuals are not fully aware of the importance of maintaining an air tight seal around the sealing surface of the respirator. When corrective lenses are needed, respirators should be fitted with spectacle kits that allow mounting corrective lenses inside the respirator face piece in the absence of using temple bars. In this way, a proper sealing surface is maintained. Spectacle kits are readily available from respirator manufacturers.
Most respirator face pieces contain valves to direct the flow of contaminated outside air through a filter and then back outside again. An exception to this is the disposable respirator recently defined by ANSI as a respirator for which maintenance is not intended; it is designed to be discarded after excessive resistance, sorbent exhaustion, physical damage, or service life renders it unsuitable for use (ANSI, 1992 ). An example of this type of respirator is the paper disposable half mask respirator, typically a fabric like material with two head bands.
Conventional half mask respirators with rubber face pieces usually contain inhalation and exhalation valves to improve the comfort and lower the breathing resistance of these types of devices. During expiration the exhalation valve is designed to open, allowing expired air to pass directly out of the respirator. It is designed to close quickly during inhalation and must make an airtight seal to prevent airborne contaminants from being drawn into the face piece. The inhalation valve opens during inhalation to allow air to be drawn through the filter or cartridge and closes during exhalation to prevent the passage of moisture-laden expired air back through the filter. The inhalation valve is typically located close to the point where the filter or cartridge attaches to the face piece.
Respirators can provide adequate protection against toxic substances when they are used properly. Of course, proper respirator selection, training, fit testing, maintenance, and other criteria set forth in the minimal acceptable program are also required. Penetration of airborne contaminants into respirators can occur by four major routes:
• Face seal leakage.
• Filter penetration.
• Exhalation valve leakage.
• Entry through damaged face pieces.
FIT TESTING
Face Seal Leakage OSHA requires approved or accepted respiratory protective equipment to be used. While approvals are useful for identifying filtration capabilities and limitations, they are not useful for determining if a respirator will fit an individual. Thus, NIOSH approved respirators alone cannot ensure that effective worker protection will be provided. To ensure that proper fit is obtained, the Respirator Standard requires employers to perform fit testing using a "test atmosphere" to identify the specific make, model, and size respirator to be used for a given individual.
The two types of fit testing procedures are qualitative and quantitative. For example, 29 CFR 1910.1001 (g)(4)(ii) of the Asbestos Standard states, "for each employee wearing negative pressure respirators, employers shall perform either quantitative or qualitative fit tests..." (OSHA, 1994a) .
Historically, qualitative fit testing dates back to the World War I era when armed services personnel were assigned gas masks and fit tested using irritating substances to ensure users were achieving an adequate face seal. With time, safer and less irritating fit test agents came into use, e.g., coal dust, talc, fluorescein, irritant smoke, isoamyl acetate, and saccharin. These materials were initially selected because they could show face seal MAY 1996, VOL. 44, NO.5 leakage or elicit signs of irritation, odor, or taste if a respirator had inadequate fit.
ANSI's Z88.2 defines qualitative fit testing as, "a pass/fail test that relies on the subject's response to detect the challenge agent" (ANSI, 1992) . Because this test relies on the subjective response of the individual being tested, the reproducibility and accuracy may vary. Currently three methods are commonly used for qualitative fit testing: isoamyl acetate (more commonly known as banana oil), saccharin solution aerosol (the sweetener test), and irritant fume. The type of qualitative fit test method performed will dictate the type of air purifying element used for the fit test procedure. For example, the isoamyl acetate (banana oil) fit test requires respirators to be equipped with organic vapor cartridges. The saccharin solution aerosol fit test requires respirators to be equipped with particulate filters. The irritate fume fit test requires the use of high efficiency particulate air (HEPA) filters, as the particle size generated with this test is too small to be effectively filtered by a conventional dust/mist filter.
In certain circumstances, qualitative fit testing is not permitted. For example, the Asbestos Standard 29 CFR 1910.1001 (g)(4)(ii) states "The qualtitative fit tests may be used only for testing the fit of half mask respirators where they are permitted to be worn" (OSHA, 1995a) . Qualitative fit testing still lacks the consistency in the way that the tests are being administered and several significant concerns remain: variable worker sensitivity to the test agents, subjective pass/fail criteria, lack of defined test protocols, and limited validation data. It is worth noting that historically positive and negative pressure fit checks were sometimes classified as qualitative fit tests. Currently, it is recognized that fit check procedures are not fit tests.
Quantitative fit testing is defined in ANSI's Z88.2 as: "a fit test that uses an instrument to measure a challenge agent inside and outside the respirator" (ANSI, 1992) . Challenge agents may consist of different materials such as com oil or sodium chloride aerosols, or more commonly, the very small particles found in ambient air. The ambient air quantitative fit test equipment is commonly known as the Portacount (TSI, Inc., St. Paul, MN).
Another recent development in quantitative respirator fit testing is a device that uses controlled negative pressure to detect respirator leakage rather than counting particles. This device is known as the controlled negative pressure fit test method developed by Dynatech Nevada (Carson City, NV).
Quantitative respirator fit testing is generally considered to be more precise than qualitative fit testing.
Wear time can be increased by providing workers with lightweight, comfortable, easy to breathe through respirators that permit easy communication and do not interfere with vision.
Quantitative respirator fit testing not only permits selection of respirators that "pass or fail," but also allows the individual to select among several different "passing" respirators to determine which specific make, model, and size provides a higher level of fit. Quantitative respirator fit testing is typically recommended when face seal leakage must be minimized and is recognized as the "gold standard" for respirator fit testing. The OSHA proposed changes in 1910.134 recommend fit testing for all tight fitting respirators including air supplied respirators, as it has been determined that these respirators do not always maintain a positive pressure inside the facepiece (OSHA, 1994b) . Another reason for fit testing positive pressure respirators is that a properly fitted respirator will use less air, improving the lifetime of an SCBA unit. In recent years, it is being increasingly recognized that quantitative respirator fit testing may be more reliable than qualitative fit testing. An example of this change in expectation is the Cadmium Standard, which expands the scope of fit testing to include positive pressure respirators under 29 CFR 1910.1027 [(g)(4)(ii)] (OSHA, 1995b). Because of the inclusion for fit testing tight fitting supplied air respirators into the Cadmium Standard, it is now prudent to fit test all tight fitting respirators.
The presence of facial hair is an important and practical concern among users of tight fitting respirators. The presence of facial hair at the sealing surface is not only a potential leak site, but also presents as a variable size leak that changes each time the respirator is donned. The change in beard length and shape adds additional uncertainty about adequacy of fit. OSHA and ANSI specifically prohibit the use of tight fitting respirators when facial hair interferes with the seal of the facepiece to the face of the wearer (ANSI, 1992; OSHA, 1994a) . ANSI Z88.2 goes even further recommending that "positive" pressure respirators not be worn if facial hair comes between the sealing surface of the facepiece and the face or if facial hair interferes with valve function (ANSI, 1992).
Fit Testing Frequency
Part 9.1.4 of ANSI's Z88.2 states, "a respirator fit test shall be carried out for each wearer of a tight fitting respirator at least once every 12 months" (ANSI, 1992). Some contaminant specific standards such as asbestos and lead require fit testing on a more frequent basis (e.g., every 6 months). In addition, fit testing should be repeated whenever the wearer has a significant change in body weight (i.e., 10% or more), significant dental changes, reconstructive or cosmetic surgery, facial disfigurement (scarring), or whenever changes in fit are thought to occur.
Fit Checks
Fit testing should not be confused with a respirator fit check. ANSI's Z88.2 defines a fit check as "a test conducted by the wearer to determine if the respirator is properly sealed to the face" (ANSI, 1992) . A fit check should be performed each time a respirator is donned or adjusted. The fit check is a quick method to determine if the respirator is properly sealed to the face and/or functioning properly. Instructions for performing fit checks are specific to an individual's own respirator and can be found in the owner's manual provided with the respirator.
The two most common fit check methods are the positive and negative pressure fit checks. The positive pressure fit check requires the wearer to cover the exhalation valve (often by placing the palm of the wearer over the valve) and exhaling. If there is no indication of air escaping, the fit is considered satisfactory. During a negative pressure fit check, the inlet opening(s) of the respirator's cartridges or filters are occluded and the wearer then inhales. If no leakage is detected, the face piece seal is considered to be satisfactory. Leakage is generally detected as the movement of air felt along the sealing surface, such as the bridge of the nose or along the chin.
It is critically important for individuals to be specifically trained on how to perform positive and negative pressure fit checks. Poorly trained individuals commonly do not perform fit checks properly. Individual users of respiratory protective equipment should always be asked to demonstrate their understanding and ability to perform positive and negative pressure fit checks prior to initial fit testing and periodically thereafter. Users should be warned not to place excessive pressure with their hands on the respirator while performing fit checks, as this may distort the shape of the respirator and/or alter the sealing surface.
Another method for fit checking respirators requires exposing the wearer to a challenge agent such as isoamyl acetate, saccharin mist, or irritant fumes. If the wearer does not detect the challenge agent, the fit check is successful. This method may be the only way respirators without valves can be effectively checked for adequacy of fit. Finally, it is important to note once again that a fit check is not a substitute for a validated quantitative or qualitative fit test.
FILTER PENETRATION
Currently the NIOSH respirator certification program (under 32 CFR Part 11) for particulate filtering respirators employs a limited number of test aerosols to challenge the filtering medium (e.g., silica dust, lead fume).
Several major technical factors determine the actual penetration of material through a particulate filter. These determining factors include, but are not limited to (Hyatt, 1974) :
Particle size. The filtering efficiency of different types of particulate filters can differ dramatically depending on the size of the particle to be filtered. For example, a recent NIOSH evaluation suggests that some dust/mist filters may allow more than 50% of particles having a diameter less than 2 J.L to pass directly through the respirator filter (NIOSH, A performance evaluation of DM and DMF filter respirators certified for protection against toxic dusts, fumes, and mists, Working Draft, September 15, 1992). Filtration efficiency can even vary dramatically among different filter manufacturers. Because dust/mist filters may not effectively remove many of the smaller and perhaps more hazardous particles, the recent ANSI Z88.2 guidelines recommend using the more efficient HEPA filter when the airborne contaminant is less than 2 J.L in diameter or of unknown size (ANSI, 1992) . Concern about filtration efficiency will be less a problem when particulate filters meeting the "new" certification procedure (ie, 42 CFR Part 84) become available (NIOSH, 1995) .
Filter loading. The amount of contaminant deposited on the filtering material prior to and during use can have a marked effect on filter leakage values. In regard to "mechanical" filter media, clean filters are generally less protective than used filters. In other words, the filtering efficiency for used filters can be greater than clean (i.e., new) filters. The reverse, however, may be true for "electrostatic" filter media. Filters based on electrostatic charge generally loose their effectiveness as they become used. It may be impossible for users to know whether or not their own filter is becoming more or less efficient with use.
Air velocity. In simple terms, the effectiveness of the filter can change depending on how fast air is being pulled past it. Filtration efficiency generally decreases for the smallest size particle at high ventilation rates.
Electrostatic charge. The presence of electrostatic charges on the filtering material or on the airborne cont-MAY 1996, VOL. 44, NO.5 aminant may affect capture efficiency. These filter and contaminant electrical charges also can be affected by humidity and storage conditions in the workplace. For example, a positively charged filter will attract negatively charged airborne particles much more efficiently than a filter that is not electrically charged. The ability for the filter to maintain this charge can, however, be affected by humidity and storage conditions. Very few studies have been performed to evaluate the effectiveness of respirator filters to a fibrous aerosol such as asbestos. One review of fibrous aerosol penetration through particulate filters has been published recently (McKay, 1994) .
EXHALATION VALVE LEAKAGE
Under normal circumstances, face seal leakage and filter penetration are the more important routes of entry into a respirator face piece; however, under certain circumstances exhalation valve leakage can be very significant. Exhalation valve leakage is defined as the backward leakage of outside (contaminated) air through the exhalation valve as it closes during inhalation.
Very few studies have evaluated leakage through respirator exhalation valves (Bellin, 1990; Burgess, 1967; Imel, 1985) . In general, exhalation valve leakage is low for properly functioning valves on NIOSH approved respirator devices (normally less than 0.01 %) (Bellin, 1990) . However, because exhalation valves are located on the outside of the respirator, they are vulnerable to physical and chemical attack and, if malfunctioning, create potential for significant inward leakage of contaminants.
Factors known to cause excessive leakage through exhalation valves include:
Ventilation rate. Exhalation valve leakage generally increases with increasing breathing rate (Bellin, 1990) .
Improper care. A 1973 NIOSH study of respirator practices in spray painting operations documented serious deficiencies in respirator programs and poorly functioning exhalation valves (Toney, 1976) . Some of the observed deficiencies with exhalation valves included valves stuck in an open position, cracked, torn, and warped, which prevented them from making an adequate seal with their valve seat.
Dust loading. Penetration through exhalation valves can be very significant when the exhalation valve is covered by different types of dusts (Imel, 1985) . Therefore, workers in dusty environments where dust loading could occur should routinely inspect their exhalation valves and remove any foreign material that may potentially cause valve leakage. Respirators for emergency use such as self contained devices shall be thoroughly inspected at least once a month and after each use. (8) Appropriate surveillance of work area conditions and degree of employee exposure or stress shall be maintained. (9) There shall be regular inspection and evaluation to determine the continued effectiveness of the program. (10) Persons should not be assigned to tasks requiring use of respirators unless it has been determined that they are physically able to perform the work and use the equipment. The local physician shall determine what health and physical conditions are pertinent. The respirator user's medical status should be reviewed periodically (for instance, annually). (11) Approved or accepted respirators shall be used when they are available. The respirator furnished shall provide adequate respiratory protection against the particular hazard for which it is designed in accordance with standards established by competent authorities. The U.S. Department of Interior, Bureau of Mines, and the U.S. Department of Agriculture are recognized as such authorities. Although respirators listed by the U.S. Department of Agriculture continue to be acceptable for protection against specified pesticides, the U.S. Department of the Interior, Bureau of Mines, is the agency now responsible for testing and approving pesticide respirators.
* (OSHA, 1994a) penetrate through exhalation valves than larger particles (Bellin, 1990) . Missing exhalation valve cover. The exhalation valve cover helps prevent the accumulation of foreign material onto the valve and valve seat. When the exhalation valve cover is missing, increased penetration through the exhalation valve can occur (Bellin, 1990) .
Faulty design. Penetration of asbestos fibers through exhalation valves of faulty design has been documented (Brosseau, 1990) . The most apparent reason for leakage through the exhalation valve for some style respirators was due to deformation of the valve during inhalation.
Age and usage. The performance of exhalation valves may, in fact, change with usage. Studies by Burgess (1967) suggest that during the life cycle of an exhalation valve, performance may at first improve because of conditioning (enhanced sealing with the valve seat) but will eventually degrade because of warping and 256 other physical changes.
Clearly a number of factors may cause increased penetration of contaminants through exhalation valves. Simple negative pressure tests performed by respirator users (i.e., fit checks) may not be sufficient to detect problems with exhalation valves because the induced pressure may seal the valve around the foreign object (Bellin, 1990) . For this and other reasons, exhalation valves should be visually inspected on a regular basis by the user in addition to routinely performing fit checks.
WEAR TIME
Although respirator fit and filtration efficiency are of utmost importance, another factor often forgotten is wear time. Wear time is defined as the time an individual wears a properly fitted respirator that has been correctly selected for the airborne contaminant. The protection provided by such a respirator can be quickly negated by the CE ART I C L E amount of time workers do not wear their respirators in the contaminated environment. It is probably unreasonable to assume all workers will properly wear their respirators 100% of the time while in a contaminated area. Reasons for non-wear time include personal hygiene, drinking, need to readjust the respirator, vital communication, poor comfort, and other factors.
While reasons to remove a respirator in a contaminated area may not be permissible, there is no guarantee that, even in a well disciplined program, removal of the respirator will not occur. Consequently, worker training programs should emphasize the importance of increasing wear time as much as possible. In addition to worker training, wear time can be increased by providing workers with lightweight, comfortable, easy to breathe through respirators that permit easy communication and do not interfere with vision.
THE RESPIRATORY PROTECTION PROGRAM
To help insure adequate respiratory protection, OSHA and ANSI have outlined requirements for a minimal acceptable program with the purpose of establishing comprehensive guidelines for respirator use (See Sidebar, page 256). Included in these guidelines are the requirements for written standard operating procedures. The written standard operating procedures should contain all of the information necessary for an effective respirator program that meets users' individual requirements. This written program establishes responsibilities that may be unique to each employer and should clearly identify when, where, why, and how respirators will be used.
RESPIRATOR TRAINING
OSHA and ANSI recommend a level of training for the respirator program supervisor adequate to deal with the complexity of the respirator program. Certainly occupational health care providers who have been given the responsibility to oversee the work activity of respirator wearers must have comprehensive knowledge about respirators and respiratory protection.
While exact training requirements have not been defined, individuals having these responsibilities should have formal respiratory protection training and understand such factors as assigned protection, maximum use concentrations, limitations of cartridges/filters, and selection concerns. Respirator training is important for all persons who interact with respirator users, including persons who issue respirators, provide respirator medical clearance examinations, conduct fit testing, or have other responsibilities. One day and longer formal training courses are available and are an excellent way to become MAY 1996, VOL. 44, NO.5 familiar with a wide variety of respiratory protective equipment, their uses, and their limitations.
